Precision measurements of nature's fundamental couplings and a first measurement of the cosmological redshift drift are two of the key targets for future high-resolution ultra-stable spectrographs such as CODEX. Being able to do both gives CODEX a unique advantage, allowing it to probe dynamical dark energy models (by measuring the behavior of their equation of state) deep in the matter era and thereby testing classes of models that would otherwise be difficult to distinguish from the standard ΛCDM paradigm. We illustrate this point with two simple case studies.
I. INTRODUCTION
The observational evidence for the acceleration of the universe demonstrates that canonical theories of gravitation and particle physics are incomplete, if not incorrect. The next generation of astronomical facilities must therefore be able to carry out precision consistency tests of the standard cosmological model and search for definitive evidence of new physics beyond it.
CODEX [1] is a spectrograph planned for the European Extremely Large Telescope (E-ELT). It should provide the first measurement of the cosmological redshift drift (known as the Sandage-Loeb test [2, 3] ); a detailed feasibility study has been carried out by Liske et al. [4] , and other aspects relevant for our work have been explored in [5, 6] . Another of its goals is an improved test of the stability of nature's fundamental couplings such as the fine-structure constant α and the proton-to-electron mass ratio µ. Apart from the intrinsic importance of these measurements, they can be used (under certain assumptions) for detailed characterization of dark energy properties all the way up to redshift 4. This was suggested in [7] (see also [8] for a related approach), and an assessment in the context of CODEX (and its predecessor ESPRESSO) can be found in [9] .
We illustrate how CODEX can probe dark energy beyond the regime where it is dominating the universe's dynamics-i.e., deep in the matter era. We introduce these two observational tools in Sect. II, and discuss them in the context of two representative classes of models in Sects. III-IV, highlighting their potential synergies. Our conclusions are in Sect. V.
II. THE OBSERVATIONAL TOOLS
In realistic dynamical dark energy scenarios the (presumed) scalar field should be coupled to the rest of the model, unless one postulates a (yet unknown) symmetry * up110370652@alunos.fc.up.pt † Carlos.Martins@astro.up.pt to suppress these couplings. The relevant coupling here is the one between the scalar field and electromagnetism, which we assume to be
where the gauge kinetic function B F (φ) is linear,
κ 2 = 8πG, and the coupling ζ is related to Equivalence Principle violations. Local constraints are (conservatively) |ζ local | < 10 −3 [10, 11] . Independent constraints can be obtained from the Cosmic Microwave Background [12] , and are currently about one order of magnitude weaker. This form of B F (φ) can be seen as the first term of a Taylor expansion, and given the tight lowredshift constraints on varying couplings and on Equivalence Principle violations it is a good approximation for the redshift range being considered.
The assumption here is that the dark energy and the varying α are due to the same dynamical field, as in the case of nonminimally coupled quintessence models. We will also assume a flat FRW universe with Ω m + Ω φ = 1, neglecting the radiation contribution since we are concerned with the low-redshift behavior. The evolution of α is given by
and since the evolution of the scalar field can be expressed in terms of the dark energy properties Ω φ and w as [7, 9] 
(where the prime denotes the derivative with respect to N = ln a, a being the scale factor) we finally obtain the evolution of α in this class of models
As expected the magnitude of the variation is controlled by the strength of the coupling ζ.
The Sandage-Loeb test [2, 3] is a measurement of the evolution of the redshift drift of extragalactic objects, obtained by comparing quasar absorption spectra taken at different epochs. In any metric theory of gravity the redshift drift ∆z in a time interval ∆t, or equivalently the spectroscopic velocity shift ∆v (which is the directly measured quantity) is
This provides a direct measurement of the expansion history of the universe, with no model-dependent assumptions beyond those of homogeneity and isotropy. A positive drift is a smoking gun for a dark energy component accelerating the universe; a deccelerating universe produces a negative drift. The Lyman-α forest (and possibly other absorption lines, including metal ones) is ideal for this measurement, but it can only be done at redshifts z > 1.7 (in what follows, we will assume measurements between z = 2 and z = 5). This applies to ground-based facilities; measurements at lower redshift would be highly desirable (since they would probe the dark energy dominated epoch), but they would need to be done from space, and there is currently no envisaged space-based spectrograph with the required resolution and stability. Liske et al. [4] have studied in detail the performance of the envisaged CODEX spectrograph, finding that the uncertainty in the spectroscopic velocity shift is expected to behave as
where S/N is the signal-to-noise of the spectra, and N qso and z qso and the number of the absorption systems and their respective redshifts. This assumes photon-noiselimited observations and holds for z ≤ 4; beyond that the last exponent becomes −0.9. In our analysis we will assume S/N = 3000, 40 systems uniformly divided into 4 bins at z = 2, 3, 4, 5 and a time between observations of ∆t = 20 years.
III. A CONSISTENCY TEST
Suppose that the above assumption regarding varying α does not hold: the dark energy is due to a cosmological constant (with w Λ = −1), and the variation of α is due to some other field with a negligible contribution to the universe's energy density. The Bekenstein-SandvikBarrow-Magueijo (BSBM) model [13] is precisely of this type (it has a varying α field with an energy density that is no larger than that of radiation). If one neglects the recent dark energy domination one can find an analytic solution for the behavior of α
where ǫ gives the magnitude of the variation. This is sufficient for our purposes since we are mainly be interested in the matter-era behavior, but regardless of the BSBM motivation we can take this as a phenomenological parametrization. A logarithmic redshift dependence is typical for a dilaton-type scalar field in the matter-dominated era. This must satisfy the atomic clock bounds at z = 0. Now 1 α
(h being the Hubble parameter in units of 100 km/s/Mpc) which according to [14] is constrained to be
one therefore finds ǫ clocks = (5±8)×10
. This is smaller than the value inferred from the published evidence for a time variation of α [15, 16] (but see also [17] ); conservatively we will assume a variation of 2 parts per million at z ∼ 4, in which case ǫ webb ∼ 3 × 10 −7 . Although the difference is not big given the approximations being made, it does indicate that for the two measurements to be compatible the scalar field must freeze abruptly close to the present time [18] ; the fact that we have neglected the effect of the onset of dark energy domination will not remove this difference.
Given the α variation of Eq. (8), one can show [7] that (erroneously) assuming Eq. (3) to hold would lead to the following reconstructed equation of state
where
The above assumptions and conservative assumptions on Ω φ0 and w 0 imply 10 −3 < λ < 1 .
In fig. 1 we show the region of the Ω φ0 − w 0 parameter space compatible with this range of λ, and in Fig.  2 we plot the Sandage-Loeb signal for some representative models. Notice that for a given amount of α variation (that is, a value of ǫ), a larger coupling ζ implies a smaller λ (a slower-moving scalar field) and vice-versa. Large values of λ produce a Sandage-Loeb signal that CODEX can easily distinguish from ΛCDM, which would highlight the presence of an inconsistency in the assumptions. Conversely small values of λ yield a Sandage-Loeb signal indistinguishable from ΛCDM, but such a λ implies a large ζ which could be checked with forthcoming (improved) local constraints. In either case, on the assumption that the current evidence for variations is correct, CODEX in combination with local experiments can support or rule out this class of models. 
IV. EARLY DARK ENERGY
If the dark energy is a cosmological constant its contribution to the universe's energy budget is subdominant by redshift z ∼ 1 and negligible for z > 2. We now consider the opposite case, where the dark energy remains a significant fraction of the universe's energy density. This is realized by the 'early dark energy' models of Doran and Robbers [19] , in which the dark energy density parameter and equation of state are 
a eq being the scale factor at matter-radiation equality; we still assume a flat Universe, so Ω m0 + Ω φ0 = 1. The dark energy has a scaling behavior, approaching a finite constant Ω e in the past, while its equation of state w(a) tracks the dominant energy component. We assume that the early dark energy field is also coupling to electromagnetism and thus yielding a varying α [12] , and our discussion in Sect. II, and in particular Eqs. (4-5) also apply in this case. Here our analysis is the opposite of that in the previous section: there we assumed a given amount of α variation; here we will assume a given amount of early dark energy, namely Ω e = 0.05, consistent with current bounds allowing for possible α variations [12] .
The local atomic clock bound is now regardless of Ω e . For w 0 significantly different from −1 this places a model-dependent constraint on ζ that is stronger than the model-independent ζ < 10 −3 , but large values of ζ are possible by having w 0 sufficiently close to −1: with ζ ∼ 10 −3 and Ω φ0 ∼ 2/3 the largest allowed value is 1 + w 0 ∼ 5 × 10 −7 ; this highlights the importance of atomic clock constraints, and shows that this model is almost indistinguishable from ΛCDM if one is limited to low-redshift observations.
Despite the change in the dark energy equation of state at redshift z ∼few, the Sandage-Loeb test is unable to distinguish this model from ΛCDM, as can be seen in Fig. 3 . Nevertheless, this model can yield significant variations of α, as shown in 4. CODEX's baseline sensitivity for α measurements is around the 10 −7 level, and as good as 3×10 −8 for a few ideal systems; this is enough to detect such variations for ζ > 3 × 10 −7 and use the measurements to reconstruct w(z), as discussed in [9] .
V. CONCLUSIONS
We discussed two examples of CODEX's ability to probe the nature of dark energy beyond the regime where it is dynamically important and highlighted the importance of carrying out both the Sandage-Loeb test and accurate measurements of nature's fundamental couplings. All three theoretical pillars of the ΛCDM paradigm (inflation, dark matter and dark energy) rely on the presence of new, presently unknown physics. In the absence of strong indications for what this new physics is and where it can be found, it is important to search for it in multiple places, and CODEX will have a unique role to play in the 2 < z < 5 redshift range.
Our analysis is simplified, but the goal is to illustrate the point at 'proof-of-concept' level. A detailed study, with precise CODEX specifications, can be done when these are finalized. Finally, we emphasize that these tests do not exist in isolation: synergies can be found with other cosmological experiments, including ESA's Euclid mission, which will probe lower redshifts. An analysis of these possibilities, in the context of a broader observational strategy, is left for future work.
